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130Objective: The study objective was to evaluate various types of Norwood arch reconstruction methods and to
show the factors that affect the cardiac workload of the single ventricle. The Norwood procedure is one of the
most challenging congenital heart surgeries. Several aortic arch reconstruction techniques have been reported to
avoid recoarctation, ensure coronary perfusion, and improve long-term outcomes. Inside the arch, complicated
turbulent flow is generated; however, little is known about the cause of the disadvantageous inefficient flow and
the surgical techniques to avoid it.
Methods:We created patient-specific computational hemodynamic models of 9 patients who underwent differ-
ent types of arch reconstruction methods. Four patients had aortic atresia, and 5 patients had aortic stenosis. Flow
profiles were defined by echocardiography data corrected with body surface area. Turbulent pulsatile flow was
analyzed with the finite volume method. Flow energy loss was calculated to estimate cardiac workload, and wall
shear stress was calculated to estimate vessel wall stiffness increase.
Results: Recoarctation and acute arch angles increased wall shear stress and energy loss. In the patients with
aortic atresia, a longitudinal incision toward the descending aorta was effective in creating a smooth arch angle.
In the patients with aortic stenosis, arch repair with the Damus-Kaye-Stansel procedure in a single anastomotic
site was effective in creating sufficient anastomosis space and a smooth arch angle.
Conclusions: Creation of a large anastomotic space and a smooth aortic arch angle reduced wall shear stress and
energy loss, and should improve long-term cardiac performance after the Norwood procedure. (J Thorac
Cardiovasc Surg 2012;144:130-8)TheNorwood procedure for hypoplastic left heart syndrome
and related malformations is one of the most technically
challenging and high-risk surgical procedures for patients
with the congenital heart anomaly.1,2 The procedure’s
long-term outcomes, including interstage mortality, have
not been satisfactory despite the recent progress in preoper-
ative risk factor evaluations and intra- and postoperative pa-
tient management.3 Since the first description by Norwood
and colleagues,4 several technical modifications have been
introduced, including complete ductal excision, the use of
prosthetic patch material (eg, a pulmonary homograft),5 re-
construction with no exogenous material,6,7 and the
interdigitating technique.8 There have been reports on the
influences of the techniques on the outcomes, including free-
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The Journal of Thoracic and Cardiovascular Surgaortic arch obstruction after the Norwood procedure
deteriorates the function of the single right ventricle,
resulting in a high mortality rate.11 After the Norwood pro-
cedure, the reconstructed aortic arch increases wall stiffness
and decreases distensibility, resulting in increased afterload
and decreased cardiac ejection fraction.11,12 However, most
of the previous reports mainly focused on avoiding the
recoarctation or maintaining coronary perfusion, and little
is known about the comprehensive mechanisms causing
disadvantageous flow.
The reconstructed aortic arch develops complicated tur-
bulent flow.13 Flow collision from the ascending aorta and
main pulmonary artery occurs in patients with aortic steno-
sis (AS), whereas there is a reverse flow in the ascending
aorta for the blood supply to the coronary arteries in patients
with aortic atresia (AA). Because of the increased afterload
caused by recoarctation or stiff vessel walls and the flow tur-
bulence inside the aortic arch, the reconstructed arch itself
causes an inefficient flow and consumes a large amount of
energy, resulting in increased cardiac workload.
Patient-specific computational fluid dynamic (CFD)
models have been used to demonstrate the hemodynamic de-
tails and energetic efficiency of patients with single ventricle
physiology.14-22 Previous CFD studies were mainly applied
to the Fontan circulation14-19 and aimed at evaluating
energy loss (EL), which affects the cardiac workload. Otherery c July 2012
Abbreviations and Acronyms
AA ¼ aortic atresia
AS ¼ aortic stenosis
BSA ¼ body surface area
CFD ¼ computational fluid dynamic
CT ¼ computed tomography
DKS ¼ Damus-Kay-Stansel
EL ¼ energy loss
TCPC ¼ total cavopulmonary connection
TP ¼ total pressure
WSS ¼ wall shear stress
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simple geometry models20,21 and discussed flow balance
between the pulmonary and the systemic circulation in
a parallel circulation. We have created patient-specific CFD
models to calculate transient pulsatile flowwith turbulence.13
The objective of the present studywas to analyze flow details
inside the reconstructed arch of various types of Norwood
procedures, to evaluate the cardiac workload of the single
systemic ventricle by calculating the factors affecting it
(the EL causing cardiac workload and wall shear stress
[WSS] causing decreasedwall distensibility), and tomeasure
the strategies to optimize the Norwood procedure.
MATERIALS AND METHODS
Patients and Surgical Methods
We analyzed 9 patients (4 with AA and 5 with AS) with different surgi-
cal procedures. Patients’ ages and body size (body surface area [BSA]) are
shown in Figure 1. The arch reconstruction procedure details are described
as follows and in Figure 1. All patients were diagnosed with hypoplastic
left heart syndrome or related anomaly with hypoplastic aortic arch.
Patients With Aortic Atresia
In patient 1, after the ligation of the ductus arteriosus, a longitudinal in-
cision in the lesser curvature side of the aortic arch was made from the as-
cending aorta to the descending aorta, across the isthmus. The aortic arch
was reconstructed with a triangular-shaped pulmonary homograft
(Figure 1, A). In patients 2 and 3, the isthmus and periductal tissue were
completely excised. During the process, the left subclavian artery was li-
gated because its orifice was adjacent to the isthmus. A hemicircular end-
to-end anastomosis was made after a longitudinal incision was made
from the lesser curvature site of the aortic arch to the ascending aorta. A
triangular-shaped pulmonary homograft patch was used to reconstruct the
aortic arch in patient 2 (Figure 1, B), and the right side of the main pulmo-
nary artery was longitudinally incised and anastomosed to the aortic arch in
patient 3 (Figure 1, C). In patient 4, the ascending aorta was transected and
anastomosed in a side-to-side fashion to themain pulmonary artery creating
an outflow trunk. The lesser curvature side of the aortic arch was incised to
the descending aorta, with the removal of the coarctation ridge. An end-to-
side anastomosis of the aortic arch and the trunk created with the main pul-
monary artery was made to reconstruct the arch (Figure 1, D).
Patients With Aortic Stenosis
In patient 5, after the removal of the ductal tissue, the descending aortawas
anastomosed to the distal ascending aorta in an end-to-side fashion, and
a Damus-Kay-Stansel (DKS) anastomosis was added to the proximalThe Journal of Thoracic and Caascendingaortawith adirect end-to-side anastomosis (Figure1,E). Inpatients
6 to 9, the descending aorta was anastomosed to the aortic arch after a longi-
tudinal incision was made in the lesser curvature of the aortic arch to the as-
cending aorta. In patients 8 and 9, a longitudinal incision was made in the
anterior wall of the descending aorta. The proximal main pulmonary artery
was anastomosed to this confluence in patients 6 to 9 (Figure 1, F and G).
Computational Simulation Methods
Geometries and meshes. The details of our computational analysis
methods have been described.13 Postoperative data were acquired by thin-
slice, early-phase enhanced multidetector-row computed tomography
(CT). Image data in a Digital Imaging and Communications in Medicine
format were transferred into 3-dimensional patient-specific geometries us-
ing the medical imaging software Real INTAGE (KGT Inc, Tokyo, Japan).
All constructed geometric sizes were evaluated with accurate measurement
from the original Digital Imaging and Communications in Medicine files.
All patient geometries are shown in Figure 1.
Computational meshes were created with the commercial software
ANSYS-ICEM 12.0 (ANSYS Inc, Tokyo, Japan). More than 1,000,000
cells with tetrahedral meshes and 5 boundary-fitted prism layers were gen-
erated. The mesh numbers were defined from our previousmesh refinement
study,13 and the prism layers were generated at the boundaries to measure
accurate WSS at near wall regions.
Boundary Conditions
To imitate the flow around the valve leaflets, inlet boundaries for the pul-
monary artery and the ascending aorta were extended 20 times their diam-
eters to develop velocity profiles and give mass-flow corrected by the BSA
of each patient at the time the CT scans were performed. Cardiac outputs
were set at 4.3 L/min/m2. Echocardiography showed pulsatile flow profiles
through the pulmonary and aortic valves.
The outlet boundaries for the arch branches, descending aorta, and bilat-
eral coronary arteries were extended 60 to 70 times of each vessel diameter,
and zero pressure gradient conditions were set to obtain sufficient pressure
recoveries and to imitate reflexwaves from the peripheral portion.13 Theves-
sel walls, including the extended boundary walls, were assumed to be rigid.
Turbulent Pulsatile Flow Simulations
The finite volume solver package ANSYS-FLUENT 12.0 (ANSYS Inc)
was used to solve the Navier-Stokes equation of incompressible transient
Newtonian fluid. The blood properties were set as follows: density
r ¼ 1060 kg/m3 and viscosity m ¼ 4.0 3 103 kg/m/s. Because the Rey-
nolds number was approximately 4000 in the peak systolic phase, we ana-
lyzed turbulent flow simulation using the standard k-ε models.6
In the transient flow simulation, each time stepwas set to 105 seconds to
reduce the Courant number to the sufficient level. The convergence criteria
were set to 105 times the residual for all the degrees of the parameters at
each time step.
Energy Loss and Wall Shear Stress
From the calculated results, we evaluated EL and WSS.






and P indicate velocity and pressure, respectively. EL was de-


















where Q indicates the blood flow amount. The inlets indicate the pulmonary
artery and the ascending aorta in the patients with AS, and the pulmonaryrdiovascular Surgery c Volume 144, Number 1 131
FIGURE 1. Surgical procedure and postoperative 3-dimensional geometry of each patient. A–D, Patients with AA. E–H, Patients with AS. A, Patient 1
underwent arch reconstruction with a homograft patch after a longitudinal incision was made in the lesser curvature of the aortic arch. B, Patient 2 underwent
arch reconstruction with a homograft patch after the isthmus, and the periductal tissue was completely excised. C, Patient 3 underwent arch reconstruction
without patch material. The main pulmonary artery was anastomosed to the ascending aorta, aortic arch, and descending aorta after the isthmus and peri-
ductal tissue were completely excised. D, Patient 4 underwent arch reconstruction without patch material. The ascending aorta was transected and anasto-
mosed in a side-to-side fashion to the main pulmonary artery truncating the main pulmonary artery, and then was anastomosed to the distal aortic arch in an
end-to-side fashion. E, Patient 5 underwent arch repair and DKS anastomosis separately. F, Patients 6 and 7 underwent the same procedure. The main pul-
monary artery, descending aorta, and aortic arch were reconstructed together in a single anastomosis after a sufficient incision was made to the ascending
aorta. G, Patients 8 and 9 underwent a modified procedure as in E. Before the arch reconstruction, a longitudinal incision was made in the anterior wall of the
descending aorta. AA, Aortic atresia; BSA, body surface area; AS, aortic stenosis.
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FIGURE 2. Streamlines, wall shear stress (WSS), and total pressure (TP) distribution of patients with AA.
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arch branch vessels, and coronary arteries. WSS was also calculated in all
models.The Journal of Thoracic and CaRESULTS
The streamlines and contour plots of the WSS and TP at
peak systolic times are shown in Figures 2 and 3. EL profilesrdiovascular Surgery c Volume 144, Number 1 133
FIGURE 3. Streamlines, wall shear stress (WSS), and total pressure (TP) distribution of patients with AS.
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theWSS and TP at the peak systolic times because the EL in
all cases was highest at these times.13
Patients With Aortic Atresia
Reconstructed arch angles were affected by the procedures
(Figures 1 and 2), and 8 patients had no stenosis in the
distal anastomosis site. Patient 2 had slight recoarctation.134 The Journal of Thoracic and Cardiovascular SurgFlow acceleration was observed in the sharply curved
arch in patients 2 and 3, and the arch branches in patient 4.
WSS increase was observed in the regions where the flow
accelerations started and TP decreased at these sites.
Compared with patient 2, patient 1 had a large arch space
and smoothly curved reconstructed arch with no flow accel-
eration. TheWSS was maintained at a low level, although it
increased slightly in a patch-kinking portion, and EL wasery c July 2012
FIGURE 4. A, Energy loss (EL) profiles during 1 cardiac cycle of all patients. B, Mean EL values during 1 cardiac cycle of all patients. BSA, Body surface
area.
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peak during the peak systolic phase (Figure 4). A relatively
small turbulent flow in the patch-kinking portion disturbedThe Journal of Thoracic and Cathe flow and generated several peaks, but overall it had suf-
ficiently low EL for the patient’s body size. Patient 2 had
a large main pulmonary artery portion supplemented withrdiovascular Surgery c Volume 144, Number 1 135
FIGURE 5. Provisory pressure-volume loop of a patient with hypoplastic left heart syndrome. A, Flow amount of pulmonary valve and atrioventricular
valve assuming 4.3 L/min/m2. B, Ventricular pressure of the systemic right ventricle. C, Hypothetic pressure-volume loop. PA, Pulmonary artery.
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in the main pulmonary artery caused a sharp arch angle in
the reconstructed arch. The reconstructed arch also had
a slight recoarctation, and a 5 mm Hg pressure decrease
was observed on catheter examination; thus, maximum
1.7 m/s flow acceleration was simulated. Although the ste-
nosis was not clinically significant, but rather mild, the
sharp arch angle and diameter change at the anastomosis
site resulted in relatively high WWS and high EL.
Patients 3 and 4 underwent arch reconstruction with no
exogenous patch material. Patient 3 had sufficient anasto-
mosis space and almost no pressure decrease in the distal
aortic arch, but the arch angle was acute. Flow was acceler-
ated toward the descending aorta (maximum velocity,
1.1 m/s), and the local WSS increase was detected proximal
to the distal anastomosis site. The TP decrease was detected
at the same portion. Patient 4 had a smooth aortic arch an-
gle, where only a small amount of WSS and EL were ob-
served in the lesser curvature site of the aortic arch.
However, the trunk created with the main pulmonary artery
and ascending aorta was anastomosed too distal of the aortic
arch. The neck vessels originated at only 1 orifice, where
a high flux flow supplying the whole upper half of the
body passed, resulting in increased EL.
Patients With Aortic Stenosis
Flow collisions from the ascending aorta and main pul-
monary artery affected the flow acceleration and EL results.136 The Journal of Thoracic and Cardiovascular SurgFlow collision was avoided by creating a large anastomosis
space and relaxing flow acceleration. Reconstructed arch
angles affected both the WSS increase and the TP decrease
just as in the patients with AA.
In patient 5, flow acceleration due to flow collisions was
observed in the DKS anastomosis site, where the WSS in-
creased and the TP decreased prominently. Moreover, the
reconstructed arch had a sharp angle proximal to but past
the DKS anastomosis site. In patient 6, the anastomosis
site had a relatively large space, and the reconstructed
arch had a sufficiently smooth angle. There were no flow ac-
celerations or WSS increases observed, and sufficient en-
ergy was preserved. Patient 7 underwent the same
procedure as in patient 6 and had low WSS and EL. In pa-
tient 8, we created a smoother arch angle and larger anasto-
mosis space than in patient 7, which preserved more energy.
Although patient 9 underwent the same procedure as patient
8, the TP decreased and EL increased more than in patient 8,
but these were trivial and within sufficiently small levels.
The EL profile during 1 cardiac cycle (Figure 4) and
comparison of EL among patients showed that those with
large body size (BSA) expended more EL and that those
with multiple small EL peaks during 1 cardiac cycle (eg,
patients 1 and 6) had a larger anastomosis space and less
EL. These multiple peaks were caused by secondary flow
in a wide anastomosis space where slightly disturbed
flow changed the distributions to the outlets several times
during systolic phase. Patients 7 to 9 had a small bodyery c July 2012
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lisions, but it was difficult to create a smooth arch angle
and they had greater EL than the patients with AS
(Figure 5).
DISCUSSION
The interest in cardiac function of a single right ventricle
after the Norwood procedure has been increasing, because
the postoperative reconstructed arch can increase the after-
load for several reasons, including decreased vessel elastic
properties,12 distal arch stenosis caused by the recoarcta-
tion,11 or turbulence inside the complicated anastomosis
site.13 Because of the difficulty in measuring clinically en-
ergetic efficiencies in the reconstructed arch and in detect-
ing factors that worsen the cardiac workload in actual
patients, detailed flow was visualized using the patient-
specific CFD. Single ventricular workload causing long-
term ventricular deterioration and vascular stress causing
long-term vascular stiffness were estimated with EL and
WSS, respectively. In both the AA and AS cases, a large
TP decrease occurred almost at the same place where
WSS markedly increased, such as in the sharply angled re-
constructed arch. WSS caused by the turbulent flow shear
was proven to increase EL.
Previous patient-specific CFDmodels of congenital heart
surgery mainly focused on flow distribution and EL in total
cavopulmonary connection (TCPC).14-19 However, if we
take the definition of EL in equations (1) and (2) into
account, TCPC is a low-pressure and slow-velocity system
expected to produce relatively low TP and low EL, com-
pared with an arterial system that is a high-pressure and
fast-velocity system expected to generate greater EL. Our
calculated results showed greater EL than results from pre-
vious TCPC studies.16-19 If the single ventricular physiology
is considered to be like a serial circuit, and EL is considered
as a part of the energy produced from ventricular ejection
power, EL influences the cardiac afterload and is expected
to be greater in the reconstructed arch than in TCPC.
To assess the EL for the ventricular workload, we esti-
mated ventricular ejection power by calculating the internal
area of a provisory pressure-volume loop of a patient with
hypoplastic left heart syndrome (Figure 5). Trans-
atrioventricular valve (tricuspid valve) flow was demon-
strated by echocardiography corrected with BSA, just like
inlet boundary conditions, and the ventricular volume
change was calculated. The intraventricular pressure curves
obtained with the catheter examination were superposed
with the electrocardiogram. Although the end-diastolic vol-
ume was unknown, the internal area, which indicated the
flow ejection energy, was calculated. Produced energy to-
taled 311.50 mW in a patient with a BSA of 0.40 m2.
Although this method is only an approximate one, we con-
jectured how large the calculated ELs were compared with
the cardiac work itself and found they were approximatelyThe Journal of Thoracic and Ca3% to 15% of the generated energy from the systemic ven-
tricle and considered to be non-negligible.
Results from the patients with AA suggested that the
smooth angle reducing WSS could be accomplished by the
longitudinal incision of the descending aorta, as in patients
1 and 4. Burkhart and colleagues8 introduced the ‘‘interdig-
itating technique,’’ in which the descending aorta is incised
longitudinally. This method prevents recoarctation and
maintains a smooth arch anglewith the longitudinal incision
in the descending aorta. Results from the patients with AS
suggest that a combination of arch repair and DKS anasto-
mosis in a single anastomotic space, first introduced by Ish-
ino and colleagues,7 ensures sufficient anastomotic space,
which prevents flow collisions from the ascending aorta
and pulmonary artery, and maintains a smooth arch angle
with trivial WSS increase and preserved energy.Study Limitations
With computational models, there are usually difficulties
in simulating some biological changes. Degeneration, cica-
trization, or calcification, which are all known to be essential
problems, especially for patch materials,7 could not be in-
cluded in our model. We also did not create vessel elasticity
or compliance. In addition to the numeric solver of fluid and
structure interaction, exact material property information of
the postoperativevessel wall is needed. Because of the dense
adhesion around themobilized and sutured vessel wall, rigid
wall approximation is justified to some extent. Because of
the technical limitations and lack of knowledge of the post-
operative vessel properties, we evaluatedWSS distributions,
and the expected high WSS region became more intense.
It is also difficult for computer models to take patient
growth into account. Future studies should include larger
patient populations, repeat the evaluations of all the patients
studied with the same calculation methods, and compare the
results to clarify the long-term changes and outcomes.CONCLUSIONS
With the use of CFD techniques, we analyzed the hemo-
dynamic details of 9 patients who underwent the Norwood
procedure and different types of arch reconstruction
methods. In regard to EL and WSS, a large anastomosis
space to avoid recoarctation and a smooth arch angle
were important for the overall reduction of the cardiac
workload. The longitudinal incision of the descending aorta
in the patients with AA and the combination of arch repair
and DKS in the single anastomosis in the patients with AS
were effective in the Norwood procedure.References
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